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Abstract: Ultra-fine hydroxyapatite (HAp) powder with a diameter of about 10 nm was used as 
precursor for preparation of HAp ceramic. The precursor hydroxyapatite was single phase and highly 
crystallized without any additional thermal treatment. Highly densified HAp ceramic was fabricated 
through centrifugal infiltration casting (CIC), followed by pressureless sintering. The relative 
densities of compacts prepared at 1100°C and 1200°C were 77.8% and 94.1%, respectively. SEM 
micrographs of HAp ceramic sintered at 1100°C showed a porous microstructure with a grain size of 
1 μm. HAp ceramic fabricated at 1200°C revealed a dense microstructure with nano-sized spherical 
α-TCP distributed at grain boundaries and triple points. The mechanism of decomposition from HAp 
to α-TCP at 1200°C was discussed on the basis of SEM, XRD and FTIR results. 
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1 Introduction 
Hydroxyapatite (HAp) is a bioactive ceramic with a 
crystal structure similar to the native bone and teeth 
minerals. Ceramic hydroxyapatites are widely used in 
biomedical applications because of their high 
biocompatibility and forming bonds with living tissues 
[1,2]. Despite its high bioactivity, HAp is limited in 
applications due to the poor mechanical strength. 
Hence highly densified HAp compact has been 
investigated for possible application as load-bearing 
implants. High-density ceramics of HAp are currently 
prepared by pressure-assisted sintering [3-5]. The 
morphology and size of HAp powder influence the 
quality of the ceramic material. There are several 
different synthesis methods used to generate HAp such 
as chemical precipitation [6], hydrothermal [7-9], 
sol-gel [5,10,11], and mechanochemical methods 
[12,13]. The chemical precipitation approach has been 
chosen because it will likely generate the desired 
stoichiometry, crystalline phase and grain size at low 
temperature. 
Green pellets of HAp were obtained by isostatic 
⎯⎯⎯⎯⎯⎯⎯⎯ 
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pressing and followed by pressure-assisted sintering 
process. The HAp ceramics prepared by this process 
exhibited a dense microstructure and excellent bending 
strength. It was also reported that the relative density 
of pressureless sintered HAp could not be higher than 
70 % of the theoretical density [3]. However, the 
drawback of the pressure-assisted sintering process lies 
in the difficulty in preparing HAp components with 
complex shapes. 
Centrifugal infiltration casting (CIC) is derived 
from centrifugal casting, which is also a powerful 
colloidal processing for massive production of ceramic 
parts with complex shapes. The two molding processes 
are different in removing solvent from slurries. In the 
centrifugal casting process, the supernatant is poured 
off from steel moulds after centrifugation, which will 
cause possible mass and phase segregation during the 
consolidation stage [14,15]. While in the centrifugal 
infiltration casting process, the solvent is equably 
infiltrated in the plaster moulds under a high-speed 
centrifugation. Therefore the centrifugal infiltration 
casting process enables to obtain green compacts with 
a uniform microstructure. 
The decomposition of HAp results in changes of 
mechanical and physicochemical properties of the final 
materials. Thus, the thermal stability of hydroxyapatite 
has been widely investigated in the past years, for 
example, the thermal stability of HAp during hot 
pressing and pressureless sintering by FTIR and XRD 
analysis [16] and the properties of porous 
hydroxyapatite bioceramic produced by the annealing 
of bovine bone [17]. 
In the present study, highly densified HAp ceramics 
were prepared by CIC process and pressureless 
sintering using ultra-fine HAp particles as precursor. 
The decomposition mechanism of HAp ceramic was 
also studied by SEM, XRD and FTIR analysis. 
2 Experimental procedure 
2.1 Synthesis of ultra-fine HAp powders 
Calcium nitrate (Ca(NO3)2·4H2O), diammonium 
hydrogen phosphate ((NH4)2HPO4) and ammonium 
hydroxide (NH4OH) (all analytical grade) were used as 
reactants. To precipitate HAp, 0.5 M (NH4)2HPO4 in 
deionized water was added to 0.5 M (Ca(NO3)2·4H2O) 
in ethanol with vigorous stirring. The pH of these 
precursor solutions was adjusted to 10~11 by the 
addition of concentrated NH4OH. After reaction for 1 h 
at 40°C, the product was kept inside an oven at 30°C 
overnight. Then it was washed three times by water 
and filtered by centrifuging. 
2.2 Preparation of HAp ceramics 
Slurries with 14% solid loading were obtained by the 
filtered ultra-fine HAp powders with 20 ml ethanol 
through ultrasonic treatment, then consolidated by a 
high-speed centrifugal machine at 2000 rpm for 20 min 
in plaster moulds. After centrifugation, green compacts 
(42×9×6 mm3) were obtained and dried at room 
temperature in open air (relative humidity of 40%-50%) 
for five days. The whole process was shown in Fig. 1. 
Finally, those green compacts were sintered for 4 h in 
air at 1100°C and 1200°C, respectively. 
2.3 Characterization 
The density of the sintered sample was measured by 
the Archimedes method. The relative densities of HAp 
ceramics were obtained using the measured densities 
over their theoretical density (3.16 g/cm3). Phase 
compositions of the ultra-fine HAp powders and the 
sintered sample were examined by X-ray diffraction 
(XRD) with Cu Kα radiation (λ=1.5418 Å). The 
diffractometer (X’Pert PRO, Philips) was operated at 
 
Fig. 1  Schematic illustration of centrifugal casting process 
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40 kV and 30 mA at a 2θ range of 20º-70º employing a 
step size of 0.0170 and a 29.8450 s exposure. The 
products were also characterized by Fourier 
transform-infrared spectroscopy (FT-IR, IFS 66V/S 
FTIR, Bruker) in the range of 4000 cm−1-400 cm−1. 
The elemental analysis was conducted by ICP-AES 
(IRIS Advantage ER/S). The morphology and grain 
size of the synthesized powders were observed by 
transmission electron microscopy (TEM, H-600, 
Hitachi). Surface morphology was observed by 
scanning electron microscopy (SEM, JSM5600LV, 
JEOL) on the surface and cross section of the sintered 
sample. 
3 Results and discussion 
3.1 Ultra-fine HAp particles 
The ultra-fine HAp particles were obtained without 
additional thermal treatment. The TEM micrograph 
(Fig. 2a) shows the ball-like structure of as-synthesized 
~10 nm HAp crystal. Because of the high surface 
energy, ultra-fine particles are easily self-aligned in 
spherical aggregates approximately 100 nm in diameter, 
as shown in Fig. 2b. Therefore, the thermal treatment 
facilitates the aggregation and finally results in the 
growth of HAP from ultra-fine crystal to large particle. 
The raw HAp powder is calcium deficient and 
carbonate free (See the later FTIR spectrum) with the 
Ca/P ratio of 1.55. 
3.2 Shrinkage of green compacts 
Although the solvent in the suspension is partially 
removed during the CIC process, the green compact 
after CIC process is still solvent-containing. The 
compact tends to shrink via evaporation of residual 
solvent during drying. The relationship between linear 
shrinkage (Ls) and drying time (Fig. 3) shows that 
shrinkage mainly occurs within 30 h, often which 
remains constant at about 30%. 
3.3 Relative density and microstructure of HAp 
ceramics 
A SEM observation of the fractured surface of 77.8% 
dense HAp ceramic sintered at 1100 ℃ is shown in 
Fig. 4. The average grain size of HAp markedly increases 
from ~10 nm of the precursor to ~1 μm at 1100 ℃ 
 
 
Fig. 2  TEM micrographs of ultra-fine HAp 
particles: (a) ultra-fine crystal and (b) spherical 
aggregation self-aligned by ultra-fine particles 
 
Fig. 3  Relationship between linear shrinkage and 
drying time of green compacts (four samples) 
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(Fig. 4a) and several micrometers at 1200 ℃°C (Fig. 
4b). The 94.1% dense sample sintered at 1200 ℃ 
shows nearly equiaxed uniform microstructure except 
for a few spherical pores on the boundary of the HAp 
grains. 
SEM micrograph of Fig. 5 reveals different 
microstructures on the outermost surface and the 
fractured surface of HAp ceramic sintered at 1200 ℃ 
consisting of some small spherical particles (12-13 nm 
in diameter) at grain boundaries and triple points. 
3.4 Decomposition mechanism of HAp ceramic 
It can be observed that ultra-fine HAp precursor is 
single phase and highly crystallized (Fig. 6a) and all 
peaks corresponded with HAp based on the standard 
XRD pattern of HAp (JCPDS card no. 09-432). XRD 
analysis of sample sintered at 1100 ℃ and 1200 ℃ 
reveals the presence of a small amount of α-TCP phase 
(α-tricalcium phosphate marked with ♦ in Figs. 6b and 
c), which derived from decomposition of HAp ceramic 
at 1200 ℃. Therefore, those small particles at grain 
boundaries and triple points on the outermost surface 
of HAp ceramic in Fig. 5 are the decomposition 
product (α-TCP) of HAp because of high reaction 
activity on grain boundary. The decomposition of HAp 
begins from the outside of the ceramic body at 1200 ℃ 
and the decomposition product appears only on the 
surface of the ceramic body. 
Fig. 7 shows the FT-IR spectra of ultra-fine HAp 
powder and the samples sintered at 1100 ℃ and 
1200 ℃. In Fig. 7a, the hydroxyl stretching bands and 
bending bands of HAp are assigned respectively at 
3569 cm−1 and 632 cm−1, while the broad band at 
3414 cm−1 corresponds to the absorbed water. The 
adsorptions at 1095, 1035, 962, 603, and 566 cm−1 are 
attributed to PO4
3− ions (ν1-962 cm−1, ν3-1035 cm−1 and 
1095 cm−1, ν4-566 cm−1 and 603 cm−1) [19,20]. The 
 
 
Fig. 4  SEM micrographs of cross-sectionals: (a) 
HAp ceramic sintered at 1100 ℃, (b) HAp ceramic 
sintered at 1200 ℃ 
 
Fig. 5  SEM micrographs of the outermost surface 
for HAp ceramics sintered at 1200 ℃ 
 
Fig. 6  XRD patterns of (a) ultra-fine HAp powder, (b) 
and (c) HAp ceramics sintered at 1100°C and 1200°C 
for 4 h, respectively. ♦ peaks correspond to α-trical-  
cium phosphate (JCPDS card no. 09-348), all the other 
peaks correspond to hydroxyapatite based on the 
standard XRD pattern card of HAp (JCPDS card no. 
09-432) 
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broad band at 3211 cm−1 and the adsorption at 
1384 cm−1 are originated from NH4
+
 on the surface of 
HAp crystal, which will decompose at high 
temperature. In Fig. 7, the intense band of hydroxyl 
group blueshift from 3569 cm−1 to 3572 cm−1, along 
with increase of intensity. Fig. 7c shows that the bands 
at 3572 cm−1 and 632 cm−1 disappear completely at a 
sample temperature of 1200 ℃, which indicates the 
dehydration of OH group at 1200 ℃. 
The decomposition mechanism is proposed on the 
basis of above experimental results. The 
decomposition of HAp begins from dehydration of OH 
group at 1200 ℃, which results in the formation of 
intermediate (oxyapatite). The dehydration occurs 
according to the following reactions [21,22]: 
2OH → O + H2O(g)           (1) 
Ca10(PO4)6(OH)2 → Ca10(PO4)6O• + H2O(g)   (2) 
The □  means a non-charged vacancy and the 
hydroxyl-deficient product Ca10(PO4)6O •□ is known 
as oxyapatite. Further decomposition of HAp will 
result in the formation of tricalcium phosphate (TCP 
phase). 
In this study, high temperature (1200 ℃) leads to 
decomposition of HAp ceramic to α-TCP (Figs. 6b and 
6c). Because of high activity on the verges of HAp 
grains, the decomposition firstly begins from the 
crystal verge. Therefore, the decomposed product 
(small spherical particle) was usually found on the grain 
boundary at the surface of sintered body (Figs. 5a and 
5b). However, it should be noted that the 
transformation of HAp to α-TCP phase is rather 
limited in this work. 
4 Conclusion 
Through CIC process and pressureless sintering, highly 
densified HAp ceramics is prepared from ultra-fine 
spherical particles precursor. Sintering temperature is 
vital for the densification and grain sizes of HAp 
ceramics. At 1200 ℃, nearly equiaxed uniform 
microstructure could be obtained. However, high 
temperature simultaneously results in the formation of 
larger grains and decomposition of HAp crystal. 
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